The current experimental uncertainty on the CKM unitarity triangle angle φ 3 is significantly larger than that on the standard model prediction. A more precise measurement of φ 3 is crucial for testing the SM description of CP violation and probing for new physics effects. The precision can be improved by exploring new B and D decay modes. The first model-independent measurement of the CKM angle φ 3 using B ± → D(K 0 S π + π − π 0 )K ± decays is presented here. The GGSZ method is used by binning the five-dimensional phase space of the D decay. This analysis uses the measurement of the average strong-phase differences across the phase space in D → K 0 S π + π − π 0 decays from CLEO-c, as input. The results are obtained from the full Belle data set with an integrated luminosity of 711 fb −1 collected at the ϒ(4S) resonance.
Introduction
The current best measurement of the Cabibbo-Kobayashi-Maskawa [1] unitarity triangle angle φ 3 , combining all the results from different experiments, is (73.5 +4.2 −5.1 ) • [2] . This large uncertainty compared to φ 1 [2] is due to the small branching fractions of the decays sensitive to φ 3 . The value of φ 3 estimated indirectly from other parameters of the unitarity triangle is (65.3 +1.0 −2.5 ) • [2] . Any discrepancy between these results would imply that there are new physics effects beyond the standard model (SM). The associated uncertainties have to be comparable for a meaningful comparison. So, improving the precision on φ 3 measurement is crucial to test the CP violation mechanism in the SM.
The angle φ 3 is measured from the interference between the amplitudes of the color-favored B − → D 0 K − decay and color-suppressed B − → D 0 K − decay. The corresponding amplitudes can be written as A fav = A and A sup = Ar B e i(δ B −φ 3 ) , where δ B is the strong phase difference between the decay processes, and
The statistical uncertainty on φ 3 scales as 1/r B . The value of r B is approximately equal to 0.1 for B ± → DK ± decays and 0.005 for B ± → Dπ ± decays, which means the latter decay is not very sensitive to φ 3 . However, B ± → Dπ ± decays serve as an excellent calibration sample due to the similar topology as B ± → DK ± decays and larger sample size. The simultaneous analysis of these two decay modes allows the extraction of the cross-feed background from the misidentification of a pion as a kaon, and vice versa, from data. The results presented here are a summary of the analysis given in Ref. [3] 
Formalism
There are different methods to determine φ 3 depending on the D final state of interest. Here, we study the four-body self-conjugate state D → K 0 S π + π − π 0 , which has a branching fraction of 5.2% [4] . The intermediate resonances like K 0 S ω and K * ρ allow for a model-independent determination of φ 3 from this single channel by analysing the D phase space regions [5, 6] . In this method, the CP violation sensitive parameters are measured in independent regions of D phase space called "bins".
The decay rates of B ± → DK ± candidates in each bin is given as
Here, K i and K i are the fraction of flavourtagged D 0 and D 0 events in the i th bin, respectively. The parameters c i and s i are the amplitudeweighted average of the cosine and sine of the strong-phase difference between D 0 and D 0 over the i th bin. The φ 3 -sensitive parameters x ± and y ± can be determined with the total number of bins N ≥3, provided the parameters K i , K i , c i and s i are measured from elsewhere. The values of K i and K i are determined from from D * + → D 0 π + decays with good precision due to the large sample size available. The c i and s i parameters are estimated from CLEO-c, where quantum-entangled D 0 D 0 pairs are produced via e + e − → ψ(3770) → D 0 D 0 .
c i and s i measurements from CLEO-c
The c i and s i parameters are measured from a data sample corresponding to an integrated luminosity of 0.8 fb −1 collected by the CLEO-c detector. The D phase space is divided into nine independent bins around different intermediate resonances. The binning is implemented sequentially. The rates of decays of the quantum-correlated D 0 D 0 pairs are proportional to the c i and s i parameters. So the measurements of the decay rates of events, in which one D meson is reconstructed in the signal mode K 0 S π + π − π 0 and the other D meson in a variety of tag modes, give sensitivity to c i and s i parameters. The results [7] are given in Table 1 
Data samples and event selection
The data sample collected by the Belle [8, 9] detector, corresponding to an integrated luminosity of 711 fb −1 , is used in this analysis. The e + e − collisions happen at a centre-of-mass energy corresponding to the pole of the ϒ(4S) resonance. Monte Carlo (MC) samples are used to optimize the selection criteria, determine the efficiencies and identify various sources of background.
The decays B + → DK + and B + → Dπ + are reconstructed, in which the D decays to the fourbody final state of K 0 S π + π − π 0 . We also select D * + → Dπ + decays produced via the e + e − → cc continuum process to measure the K i and K i parameters. The charged particle candidates are required to come from within 0.5 cm and ± 3.0 cm of the interaction point in perpendicular and parallel directions to the z-axis, respectively, where the z-axis is defined to be opposite to the e + beam direction. These tracks are then identified as kaons or pions with the help of the particle identification system at Belle [8] . The invariant masses of K 0 S , π 0 and D mesons are required to be within 3σ of their nominal masses [4] , where σ is the mass resolution. The background due to random combinations of pions forming a K 0 S is reduced with the help of a neural network [10] based selection with 87% efficiency [11] . The energy threshold of the photons coming from the π 0 decays are optimized according to the region in which they are detected in the electromagnetic calorimeter. Furthermore, kinematic constraints are applied to K 0 S , π 0 and D invariant masses and decay vertices. These constraints improve the energy and momentum resolution of the B candidates and the invariant masses used to divide the D phase space into bins. The accompanying pion in the D * + → Dπ + decay carries a small fraction of the momentum due to the limited phase space of the decay and hence is known as a slow pion. So, while reconstructing D * + → Dπ + decays, it is required that the accompanying pion has at least one hit in the silicon vertex detector. The D meson momentum in the laboratory frame is chosen to be between 1-4 GeV/c so that the distribution matches that of the B + → Dh + (h = K, π) sample as much as possible. The signal candidates are identified by the kinematic variables M D , the invariant mass of D candidate and ∆M, the difference in the invariant masses of D * and D candidates. The events that satisfy the criteria, 1.80 < M D < 1.95 GeV/c 2 and ∆M < 0.15 GeV/c 2 are retained. A kinematic constraint is applied so that the D and π candidates come from a common vertex position. When there is more than one candidate in an event, the one with the smallest χ 2 value from the D * vertex fit is retained for further analysis. The overall selection efficiency is 3.7%.
The B + meson candidates are reconstructed by combining a D candidate with a K + or π + track. The D meson invariant mass is selected in the range 1.835-1.890 GeV/c 2 . We use the kinematic variables energy difference, ∆E and beam-constrained mass, M bc to identify the signal candidates,
Here E B and p B are the energy and momentum of the B candidate and E beam is the beam energy in the centre-of-mass frame. We select the candidates that satisfy the criteria M bc > 5.27 GeV/c 2 and −0.13 < ∆E < 0.30 GeV for further analysis. In events with more than one candidate, the candidate with the smallest value
is retained. Here, the masses M PDG i are those reported by the Particle Data Group in Ref. [4] and the resolutions σ M bc , σ M D and σ M π 0 are obtained from MC simulated samples of signal events.
The dominant background for any B meson decay is due to the e + e − → qq, q = u, d, s, c continuum processes. Differences in the event topology between B meson pairs and continuum events are used to suppress this background. The B meson pairs produced from the decay of the ϒ(4S) are almost at rest in the centre-of-mass frame, because the available energy is just above the threshold to form a BB pair. As B mesons have spin zero, there is no preferred direction in space for the decay products. Thus the BB events follow a uniform spherical topology. But lighter-quark pairs are produced with large initial momentum and hence two back-to-back jets are formed in an event. These events types are separated with a NN [10] using event shape variables and other discriminating variables including angular, vertex and flavour tag observables as input. The output of the NN is required to be greater than −0.6, which reduces the continuum background by 67% and signal efficiency by 5%. The overall selection efficiency is 4.7% and 5.3% for B + → DK + and B + → Dπ + modes, respectively.
Determination of K i and K i
The 
Estimation of x ± and y ±
The signal yield in each D phase space bin of B + → Dπ + and B + → DK + decays is determined from a two-dimensional extended maximum-likelihood fit to ∆E and neural network output (C NN ). The latter is transformed as The fit is performed simultaneously to the nine bins and the φ 3 -sensitive parameters x ± and y ± are determined directly from the fit by expressing the signal yield as in Eq. 2.1. The measured values of K i and K i in Table 2 along with the c i and s i measurements reported in Ref. [7] are used as input parameters. Efficiency corrections are applied and the effect of migration of events between the bins due to finite momentum resolution is also taken into account via a migration matrix. The results obtained are given in Table 3 . The statistical likelihood contours are shown in Fig. 2 .
The dominant source of systematic uncertainty is due to the uncertainty on c i and s i input values. The next largest source of systematic uncertainty is the statistics of the signal MC sample used to calculate the efficiency and migration matrix. If the signal MC statistics is further increased, φ 3 measurements from B ± → D(K 0 S π + π − π 0 )K ± decays P. K. Resmi Table 3 : x ± and y ± parameters from a combined fit to B ± → Dπ ± and B ± → DK ± data samples. The first uncertainty is statistical, the second is systematic, and the third is due to the uncertainty on the c i , s i measurements.
the data-MC resolution difference will be worse. As this measurement is statistically dominated, any small improvements in systematic uncertainty will have negligible impact.
Determination of φ 3 , r B and δ B
We use the frequentist treatment, which includes the Feldman-Cousins ordering [12] , to obtain the physical parameters (φ 3 , r B , δ B ) from the measured parameters (x + , y + , x − , y − ) in B ± → DK ± sample; this is the same procedure as used in Ref. [13] . We obtain the parameters (φ 3 , r B , δ B ) as given in Table 4 . Figure 3 shows the statistical confidence level contours representing the one, two, and three standard deviation in (φ 3 , r B ) and (φ 3 , δ B ) planes.
We combine the results presented here with the model-independent measurements from the decays B + → D(K 0 S π + π − )K + [13] and B 0 → D 0 (K 0 S π + π − )K * 0 [14] , which use the full dataset collected by the Belle detector. Without our measurement, the combination leads to φ 3 = (78 +14 −15 ) • . Including our measurement, the combination gives φ 3 = (74 +13 −14 ) • . φ 3 measurements from B ± → D(K 0 S π + π − π 0 )K ± decays P. K. Resmi 
Summary
The precise measurement of the CKM angle φ 3 is important to further test the CP violation mechanism in the SM. We find that D → K 0 S π + π − π 0 is a promising candidate to add to the D φ 3 measurements from B ± → D(K 0 S π + π − π 0 )K ± decays P. K. Resmi final states that determine φ 3 , due to its larger branching fraction and resonance substructures. We have measured φ 3 from B ± → D(K 0 S π + π − π 0 )K ± decays for the first time. This decay mode is expected to provide a sensitivity of 4.4 • with 50 ab −1 data from Belle II. Further improvements are possible once an amplitude model for D 0 → K 0 S π + π − π 0 is available to guide the binning of the phase space such that maximum sensitivity to φ 3 is obtained. A more precise measurement of c i and s i parameters could be performed with a larger sample of e + e − → ψ(3770) data that has been collected by BESIII, thus reducing the systematic uncertainty.
